1. Introduction {#sec1}
===============

Cerebral ischemia is one of the most common types of cerebrovascular diseases and is the third cause of death and disability worldwide \[[@B1]\]. Cerebral ischemia triggers a complex cascade of events at genomic, molecular, and cellular levels that mainly leads to inflammation in the central nervous system (CNS) as well as in the periphery \[[@B2]\]. Neuroinflammation is characterized by microglia migration and leucocyte infiltration into the damaged tissue and by the production of free radicals and immunological mediators \[[@B3]\]. Among the immunological mediators, interleukins and chemokines are significantly increased in patients with cerebral ischemia \[[@B4], [@B5]\]. These proteins play an important role in neuronal survival, angiogenesis, and recruitment of inflammatory cells and progenitor cells \[[@B6]\].

During brain ischemia, several chemokines are expressed to perform a great diversity of cellular functions. For instance, CXCL1 stimulates chemoattraction of neutrophils into the damaged areas \[[@B7]\]. CCL2 and CX3CL (fractalkine) alter the permeability of the blood brain barrier (BBB), promote migration of both macrophages \[[@B8]\] and bone marrow-derived stem cells into ischemic cerebral areas, and contribute to the regeneration of the injured area \[[@B9]\]. CCL3 and CCL4, which are increased 6 hours after ischemia, recruit lymphocytes, macrophages, and microglia \[[@B10], [@B11]\]. CCL5 and IL-8 stimulate leukocyte infiltration into the ischemic brain \[[@B12]\]. CXCL12 and its receptor CXCR4 recruit neural stem cells, thus contributing to the recovery of the damaged brain area, and enhance angiogenesis from endothelial progenitor cells \[[@B13]\]. In brain ischemia, growth factors are also expressed in an attempt to counteract the ischemic injury; for instance, insulin-like growth factor 1 (IGF-1) promotes cell survival and neuroregeneration \[[@B14]\], and basic fibroblast growth factor (FGF2) promotes proliferation of progenitor cells and reduces the expression of inflammatory factors \[[@B15]\].

In the last two decades, zinc administration has been considered as a prophylactic agent in systemic inflammation \[[@B16], [@B17]\], as supported by the finding that zinc deficiency decreases the number of immune cells and alters their functions \[[@B18], [@B19]\]. However, monocytes and macrophages are more resistant to zinc deficiency and high zinc levels \[[@B20]\]. In the central nervous system (CNS), the effect of zinc administration on neuroinflammation has not yet been completely characterized especially following cerebral ischemia. A study has reported that the superacute administration of zinc protoporphyrin (ZnPP) provides neuroprotective effects by blocking interleukin-1 (IL-1) and cerebral edema \[[@B21]\]. Recently, it has been shown that the subacute administration of zinc before an ischemic process provides significant neuroprotection to hippocampal CA1 layer, thus reducing cell death \[[@B22]\]. This neuroprotection might be mediated by CCL2 and its receptor CCR2 \[[@B23]\] and IGF-1, FGF2, and vascular endothelial growth factor (VEGF) \[[@B23]--[@B25]\]. Interestingly, all these growth factors are involved in cell survival, proliferation, migration, and maturity of neuronal cells after a brain lesion \[[@B26]\]. Zinc also stabilizes the structure of nerve growth factor (NGF) and regulates the NGF-activated signaling pathway \[[@B27]\].

Zinc is highly localized in the synaptic vesicle of mossy fibers of the dentate granule cells \[[@B28], [@B29]\], an area highly involved in neuroplasticity in adulthood \[[@B30]\]. Two opposite experiments support the role of zinc in neuroplasticity. Zinc deficiency on the one hand decreased the performance in a short-term-memory task in rodents \[[@B31]\], whereas the supplementation of zinc during the pre- and postnatal periods significantly improved memory in rats \[[@B32]\]. In cerebral ischemia, the subacute prophylactic administration of zinc (2.5 mg/kg/4 days) prevented the loss of long-term memory, suggesting the development of neuroplasticity \[[@B23]\].

The antecedents exposed here validate the neuroprotective effect of the acute and subacute administration of zinc. However, the effect of chronic administration of zinc is controversial in other animal models and remains unknown during cerebral ischemia. In support of the hazardous effects of zinc, the chronic administration of ZnO (3.5 mg/m^3^, each 4 h/day) inhaled during a period of 13 weeks caused inflammation, cytotoxicity, and histopathological changes in the lungs \[[@B33]\]. In addition, chronic administration of zinc decreased the concentration of magnesium and copper and increased sodium concentration in the brain tissue, consequently improving the permeability of the blood brain barrier \[[@B34]\]. In support of the neuroprotective effect, chronic zinc administration (zinc hydroaspartate, 10 and 65 mg/kg/14 days) exhibits antidepressant activity by increasing the presynaptic zinc concentration in the prefrontal cortex in the rat \[[@B35]\].

This work aimed to clarify whether the prophylactic chronic administration of zinc (ZnCl~2~) at tolerable doses (0.5 mg/kg every 24 h for 14 days) known to produce zinc accumulation in the hippocampus will cause neurotoxicity or neuroprotection in a cerebral hypoxia-ischemia rat model. Thus, we evaluated nitrosative stress, inflammatory process, and cell death (hematoxylin and eosin staining) in the cerebral cortex-hippocampus after 10-minute common carotid artery occlusion (CCAO). We selected 84 genes coding for cytokines, chemokines, and their receptors as well as other related genes, in order to identify which of them exhibit altered expression due to the chronic prophylactic administration of zinc during cerebral ischemia. This issue is still unknown and its clarification will provide new insight into the neuroinflammatory response as to those chemokines and their receptors. Morris water maze test was used to assess whether the chronic administration of zinc prevents the CCAO-induced memory loss. Our results suggest that the chronic administration of zinc at tolerable doses does not have a protective effect in an animal model of cerebral hypoxia-ischemia.

2. Materials and Methods {#sec2}
========================

2.1. Experimental Animals {#sec2.1}
-------------------------

Male Wistar rats (body weight 190 to 240 g) were obtained from the vivarium of CINVESTAV and maintained in adequate rooms with controlled conditions for temperature (22 ± 3°C) and a light-dark cycle (12 h-12 h, light onset at 07:00). Food and water were provided ad libitum. All procedures were in accordance with the Mexican current legislation, the NOM-062-ZOO-1999 (SAGARPA), based on the*Guide for the Care and Use of Laboratory Animals*, NRC. The Institutional Animal Care and Use Committee approved the experimental procedures with protocol number 09-102. All efforts were made to minimize animal suffering.

2.2. Zinc Administration {#sec2.2}
------------------------

Rats were grouped as follows: (1) CZn15 d, control rats treated with chronic administration of zinc (ZnCl~2~, 0.5 mg/kg every 24 h for 14 days); their brains were obtained on day 15; (2) Zn15 d+CCAO, rats with chronic administration of zinc that were subjected to CCAO 24 h after the last administration of zinc; their brains were obtained at 8 hours and 7 days after reperfusion; and (3) control, intact rats that did not receive surgery and zinc administration. [Figure 1](#fig1){ref-type="fig"} shows the animal groups and the experimental design.

2.3. Atomic Absorption Spectrometry {#sec2.3}
-----------------------------------

Zinc content in temporoparietal-hippocampus tissue was measured using a Varian AA 55B atomic absorption spectrophotometer (Varian S.A., Mexico). Tissues (100 mg) were digested (1 : 1 w/v) with concentrated nitric acid and 70% perchloric acid (1 : 1) for 2 days in prewashed and dried polypropylene tubes at room temperature (RT). The calibration curve of 0.1 to 1 ppm of zinc was made. Zinc concentration in these samples was measured in triplicate and absorbance was determined at 213.9 nm \[[@B36]\].

2.4. Nitrites {#sec2.4}
-------------

The temporoparietal cortex and hippocampus of all studied groups (*n* = 5 in each group) were mechanically homogenized in phosphate-buffered saline solution (PBS), pH 7.4, and centrifuged at 12,500 rpm for 30 min at 4°C by using a 17TR microcentrifuge (Hanil Science Industrial Co. Ltd., Incheon, Korea). The NO production was assessed by the accumulation of nitrites (NO~2~ ^−^) in the supernatants of homogenates, as described elsewhere \[[@B37]\]. Briefly, the nitrite concentration in 100 *μ*L of supernatant was measured by using a colorimetric reaction generated by the addition of 100 *μ*L of Griess reagent, composed of equal volumes of 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride and 1.32% sulfanilamide in 60% acetic acid. The absorbance of the samples was determined at 540 nm with a SmartSpec 3000 spectrophotometer (Bio-Rad, Hercules, CA, USA) and interpolated by using a standard curve of NaNO~2~ (1 to 10 *μ*M) to calculate the nitrite content.

2.5. Lipoperoxidation {#sec2.5}
---------------------

Malondialdehyde (MDA) and 4-hydroxyalkenals (4-HAD) were measured in supernatants of cerebral cortex-hippocampus homogenates following the method described elsewhere \[[@B38]\]. The colorimetric reaction was made using 200 *μ*L of supernatant after the subsequent addition of 650 *μ*L of 10.3 mM N-methyl-2-phenyl-indole diluted in a mixture of acetonitrile : methanol (3 : 1) and 150 *μ*L of methanesulfonic acid. The reaction mixture was vortexed and incubated at 45°C for 1 h and afterwards centrifuged at 3000 rpm for 10 min. The absorbance in the supernatant was read at 586 nm with a SmartSpec 3000 spectrophotometer (Bio-Rad, Hercules, CA, USA). The absorbance values were compared to a standard curve in the concentration range of 0.5 to 5 *μ*M of 1,1,3,3-tetramethoxypropane (10 mM stock) to calculate the content of malondialdehyde + 4-hydroxyalkenal (MDA + 4-HAD) in the samples.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) {#sec2.6}
----------------------------------------------

Nitrotyrosine, CCL2/CCR2, CCL4/CCR8, CCL5/CCR5, CXCL1/CXCR2, CXCL12/CXCR4, CXCL13/CXCR5, FGF2, I*κ*B, and NF*κ*B levels were measured by ELISA in homogenates of temporoparietal cortex-hippocampus (*n* = 5 for each group), as described previously \[[@B39]\]. Protein content was determined using Sedmak and Grossberg method \[[@B40]\]. Aliquots containing 5 *μ*g of total protein were placed into wells of ELISA plates. Subsequently, 100 *μ*L of 0.1 M carbonate buffer was added to each well and the plates were incubated at 4°C for 18 h. To block nonspecific binding sites, 200 *μ*L of 0.5% bovine serum albumin (IgG-free) was added to each well at RT. After 30-minute incubation, the wells were washed thrice with phosphate-buffered saline (PBS)-Tween 20 (0.1%) solution. The primary antibodies were rabbit polyclonal anti-nitrotyrosine (1 : 1000, Cat. \# N0409, Sigma) and rabbit monoclonal antibodies to CCL2 (1 : 500 dilution; Cat. \# AAR31, AbD Serotec, North Carolina, USA), and the following antibodies were obtained from Abcam, San Francisco, USA: CCR2 (1 : 500 dilution; Cat. \# ab21667), CCL4 (1 : 500 dilution; Cat. \# ab25129), CCL5 (1 : 500 dilution; Cat. \# aar18G), CCR5 (1 : 500 dilution; Cat. \# ab65850), CCR1 (1 : 500 dilution; Cat. \# ab117416), CXCL12 (1 : 500 dilution; Cat. \# ab25118), CXCL13 (1 : 500 dilution; Cat. \# ab112521), CXCR4 (1 : 500 dilution; Cat. \# ab2074), CXCR5 (1 : 500 dilution; Cat. \# ab133706), FGF2 (1 : 500 dilution; Cat. \# ab106245), and NF*κ*B p65 (phosphor S536, ab86299) and a mouse monoclonal antibody to I*κ*B alpha (1 : 500 dilution; phospho S32 + S36, ab12135) and rabbit polyclonal anti-CCR8 (1 : 500 dilution; Cat. \# sc30033, Santa Cruz Biotechnology Inc., Dallas, Texas, USA). The primary antibodies were added to each well and incubated for 2 h at room temperature. After three washes with PBS, horseradish-peroxidase conjugated goat anti-rabbit or mouse IgG (1 : 1000 dilution; Dako North America Inc., Carpinteria, CA, USA) was added to the wells and incubated for 2 h at RT. The antibody-antigen complex was revealed by addition of 100 *μ*L of 2,2′-azinobis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) containing 0.3% H~2~O~2~ to each well. After 15 min, optical density (OD) was determined using a benchmark multiplate reader at 415 nm (Bio-Rad, Hercules, CA, USA). All samples were processed under the same experimental conditions and time.

2.7. Hematoxylin and Eosin Staining {#sec2.7}
-----------------------------------

The morphology changes were analyzed by the histopathology study of the temporoparietal cortex and the hippocampus from the brains of each experimental group was analyzed in coronary brain slices by hematoxylin-eosin staining at 7 days after reperfusion (*n* = 3 in each group). The 3 *μ*m paraffin-embedded tissue sections were stained with hematoxylin and eosin and examined at a magnification objective of 40x (Mod BM 1000, Leica, Jenoptik Camera, Wetzlar, Germany), which provided evidence of cell death \[[@B41]\]. Digital micrographs were made from 5 randomly selected fields of each tissue section of each experimental group (ProgRes CapturePro 2.1, Leica).

2.8. PCR Array {#sec2.8}
--------------

Total RNA (1.0 *μ*g) was extracted with TRIzol and quantified using NanoDrop Spectrophotometer (Thermo Scientific NanoDrop Technologies, Wilmington, DE, USA). Reverse transcription reaction was prepared with the RT^2^ PCR array first strand kit from SABiosciences (Qiagen Company). Real-time PCR was conducted to evaluate 84 genes for chemokines and receptors RT^2^ Profiler PCR array of rat (PARN-022Z, Qiagen).

The amplification assays were made using 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) (<http://www.sabiosciences.com/PCRArrayPlate.php>).

2.9. Spatial Reference Learning and Memory {#sec2.9}
------------------------------------------

The Morris water maze was used to measure the spatial reference memory. The measurements were conducted in a round tank, 150 cm in diameter and 80 cm deep, filled with water and divided into four imaginary quadrants. Water was maintained at a temperature of 23 ± 2°C and dyed white with a titanium dioxide suspension to prevent the rats from locating the platform visually. Several distal visual cues were placed on both walls of the Morris water maze and the room in which it had been installed. This evaluation consisted of four test days with four consecutive trials per day. During the trial, each animal was left in the tank facing the wall and allowed to swim freely to an escape platform (40 cm in height and 15 cm in diameter), which was submerged 2 cm under the water surface and conserved to the center of the southeast (SE) quadrant of the tank. Rats were left in the tank on each of the four vertices of the imaginary quadrants. If the animals did not find the platform during a period of 60 s in the first trial of each test day, they were gently guided to it, allowed to remain on the platform for 30 s, and then removed from the tank. This procedure was used to ensure that the animals retained the visuospatial information of the maze online during the execution of the swimming task \[[@B42]\]. Long-term memory was evaluated in the absence of the platform on day 7 after learning. The latency to reach the platform and the number of times that rats pass by the platform location were measured.

2.10. Statistical Analysis {#sec2.10}
--------------------------

All values are expressed as the mean ± standard error of the mean (SEM) except for the qPCR values which were expressed as a fold change based on a web-based PCR array data analysis protocol (<http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php>) which was provided by SABiosciences (Qiagen, Inc.). The differences of Zn15 d+CCAO and CZn15 d groups with respect to the untreated control were determined using unpaired Student\'s *t*-test. ELISA values were normalized as percentage of the sample value with respect to untreated control. All statistical analyses were performed using the GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). *P* values \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

Chemokines expression profile by qPCR array was analyzed in a scatter and volcano plot ([Figure 2](#fig2){ref-type="fig"}). Most values were contained within the gene expression threshold (pink line) in scatter plot of all experimental groups studied (Figures [2(a)](#fig2){ref-type="fig"}, [2(c)](#fig2){ref-type="fig"}, and [2(e)](#fig2){ref-type="fig"}). The number of transcripts for chemokine and receptors that were downregulated was 6 for the chronic administration of zinc ([Figure 2(b)](#fig2){ref-type="fig"}), 12 for 8 h after reperfusion ([Figure 2(d)](#fig2){ref-type="fig"}), and 7 for 7 days after reperfusion ([Figure 2(f)](#fig2){ref-type="fig"}). The transcripts that were upregulated were 6 for the chronic administration of zinc ([Figure 2(b)](#fig2){ref-type="fig"}), 4 for 8 h after reperfusion ([Figure 2(d)](#fig2){ref-type="fig"}), and 7 for 7 days after reperfusion ([Figure 2(f)](#fig2){ref-type="fig"}).

The only prophylactic chronic administration of zinc modified RNA levels for chemokines and receptors compared with untreated control group ([Figure 3](#fig3){ref-type="fig"}). The upregulated beta chemokines ([Figure 3(a)](#fig3){ref-type="fig"}) were CCL11 (3.75, *P* \< 0.05) and CCL20 (2.3879, *P* \< 0.05) and those downregulated were CCL12 (−4.77, *P* \< 0.05), CCL28 (−6.394, *P* \< 0.05), and CCL5 (−2.721, *P* \< 0.05). Upregulation of beta chemokine receptor ([Figure 3(b)](#fig3){ref-type="fig"}) was established for CCR6 (4.11, *P* \< 0.02), whereas downregulation was established for CCR1 (−3.913, *P* \< 0.05), CCR4 (−4.286, *P* \< 0.05), and CCR8 (−2.712, *P* \< 0.05). Upregulation ([Figure 3(c)](#fig3){ref-type="fig"}) was established for alpha chemokine CXCL5 (22.8, *P* \< 0.05) and alpha chemokine receptor CXCR2 (3.17, *P* \< 0.05). Cytokine IL-10 (2.166, *P* \< 0.05) was also upregulated ([Figure 3(d)](#fig3){ref-type="fig"}), whereas cytokines IL-1b (−3.13, *P* \< 0.05) and TNF (−2.104, *P* \< 0.05) together with VEGFA (−1.538, *P* \< 0.05) were downregulated ([Figure 3(d)](#fig3){ref-type="fig"}).

The CCAO modified mRNA levels for chemokines and receptors at 8 h after reperfusion when compared with the untreated control group. The upregulated beta chemokines ([Figure 3(a)](#fig3){ref-type="fig"}) were CCL11 (2.22, *P* \< 0.05) and CCL20 (18.373, *P* \< 0.02), whereas CCL2 (−2.048, *P* \< 0.05), CCL5 (−1.893, *P* \< 0.05), CCL12 (−12.25, *P* \< 0.01), and CCL28 (−4.472, *P* \< 0.05) were downregulated ([Figure 3(a)](#fig3){ref-type="fig"}). The beta chemokine receptors upregulated ([Figure 3(b)](#fig3){ref-type="fig"}) were CCR2 (2.3172, *P* \< 0.05), CCR4 (4.3571, *P* \< 0.05), and CCR6 (2.7504, *P* \< 0.05), and those downregulated were CCR8 (−22.75, *P* \< 0.02) and CCR7 (−6.406, *P* \< 0.05). Upregulation was established for alpha chemokine CXCL5 (7.8869, *P* \< 0.05) and receptor CXCR3 (2.8586, *P* \< 0.05) ([Figure 3(c)](#fig3){ref-type="fig"}), whereas the downregulated receptors were CXCR2 (−3.607, *P* \< 0.05) and CXCR6 (−4.793, *P* \< 0.05) ([Figure 3(c)](#fig3){ref-type="fig"}). Cytokines that were downregulated ([Figure 3(d)](#fig3){ref-type="fig"}) were IL-10 (−5.609, *P* \< 0.05) and IL-1b (−3.714, *P* \< 0.05).

The CCAO modified mRNA levels for chemokines and receptors 7 days after reperfusion when compared with the untreated control group ([Figure 3](#fig3){ref-type="fig"}). Downregulation was determined for the beta chemokines CCL2 (−3.041, *P* \< 0.05), CCL28 (−2.552, *P* \< 0.05), and CCL4 (−3.048, *P* \< 0.05) ([Figure 3(a)](#fig3){ref-type="fig"}). Beta chemokine receptors CCR2 (4.5338, *P* \< 0.05) and CCR6 (3.2851, *P* \< 0.05) were upregulated ([Figure 3(b)](#fig3){ref-type="fig"}), whereas CCR4 (−4.358, *P* \< 0.05), CCR7 (−12.54, *P* \< 0.05), and CCR8 (−30.6, *P* \< 0.02) were downregulated ([Figure 3(b)](#fig3){ref-type="fig"}). Upregulation was determined for alpha chemokine CXCL5 (4.95, *P* \< 0.05). Alpha chemokine receptors CXCR2 (1.9619, *P* \< 0.05) and CXCR7 (2.866, *P* \< 0.05) were upregulated ([Figure 3(c)](#fig3){ref-type="fig"}), and only CXCR6 (−2.564, *P* \< 0.002) was downregulated ([Figure 4(c)](#fig4){ref-type="fig"}). Finally, the cytokine IL-10 (2.166, *P* \< 0.05) was upregulated as well ([Figure 3(d)](#fig3){ref-type="fig"}).

The protein levels of some chemokines and their receptors known to be affected by cerebral ischemia were also evaluated using ELISA and their values were normalized with respect to those of the untreated control group ([Figure 4](#fig4){ref-type="fig"}). Prophylactic chronic administration of zinc significantly increased the levels of CCL4, CCL5 ([Figure 4(a)](#fig4){ref-type="fig"}), CXCL12, CXCR2 ([Figure 4(b)](#fig4){ref-type="fig"}), FGF2, VEGFA, and NF*κ*B ([Figure 4(c)](#fig4){ref-type="fig"}). At 8 h after reperfusion, the CCAO considerably increased CCR8 ([Figure 4(a)](#fig4){ref-type="fig"}), CXCL13, CXCR2, and CXCR5 levels ([Figure 4(b)](#fig4){ref-type="fig"}) and decreased CXCL12 level ([Figure 4(b)](#fig4){ref-type="fig"}). On day 7 after reperfusion, the CCAO increased CXCR2 ([Figure 4(b)](#fig4){ref-type="fig"}), FGF2, VEGFA, TNF, and I*κ*B ([Figure 4(c)](#fig4){ref-type="fig"}).

Chronic administration of zinc did not modify the levels of zinc, nitrites, nitrotyrosine, and lipoperoxidation in the temporoparietal-hippocampus of the CZn15 d group when compared with the untreated control group ([Figure 5(a)](#fig5){ref-type="fig"}). In rats with chronic treatment of zinc, the CCAO significantly decreased the zinc levels by 46 ± 14% at 8 h after reperfusion and increased the metal levels by 108 ± 13% at 7 days after reperfusion ([Figure 5(a)](#fig5){ref-type="fig"}). Nitrite levels were significantly decreased by 34 ± 8% at 7 days after reperfusion ([Figure 5(b)](#fig5){ref-type="fig"}), but nitrotyrosine was increased by 179 ± 1% at 8 h and 162 ± 3% at 7 days after reperfusion ([Figure 5(c)](#fig5){ref-type="fig"}). Lipoperoxidation increased by 29 ± 5% at 8 h and 7 days after reperfusion when compared with the untreated control group ([Figure 5(d)](#fig5){ref-type="fig"}).

To evaluate whether the chronic administration of zinc prevents the CCAO-induced neuronal damage in the hippocampus, spatial reference learning and memory were assessed using Morris water maze. The chronic administration of zinc in the presence or absence of CCAO did not modify the latency of spatial reference learning when compared with the untreated group, suggesting that the learning was maintained on day 5 ([Figure 6(a)](#fig6){ref-type="fig"}). CCAO in the rats treated with zinc increased the latency by 34.7 ± 8% on day 7 after the learning training ([Figure 6(b)](#fig6){ref-type="fig"}). In addition, the number of times that rats pass by the platform location was decreased by 49% in the rats treated with zinc plus CCAO as compared to the untreated control group ([Figure 6(c)](#fig6){ref-type="fig"}), thus suggesting loss of long-term memory.

The histopathological study showed that the prophylactic chronic administration of zinc caused cell death (black arrow) in the dentate gyrus (DG; [Figure 7(j)](#fig7){ref-type="fig"}), CA1 ([Figure 7(k)](#fig7){ref-type="fig"}), and CA3 ([Figure 7(l)](#fig7){ref-type="fig"}) regions in rats with CCAO mainly on day 7 after reperfusion ([Figure 7](#fig7){ref-type="fig"}). The increase in shrinkage and pyknotic cells was 44% ± 9% in DG ([Figure 7(m)](#fig7){ref-type="fig"}), 43.5% ± 4.5% in CA1 ([Figure 7(n)](#fig7){ref-type="fig"}), and 28% ± 3% in CA3 ([Figure 7(o)](#fig7){ref-type="fig"}) regions when compared to the untreated control group, suggesting apoptosis. There was an increase only in intensity in DG ([Figure 7(m)](#fig7){ref-type="fig"}) and CA3 ([Figure 7(o)](#fig7){ref-type="fig"}) at 8 h after reperfusion and in CA3 of CZn15 d group ([Figure 7(o)](#fig7){ref-type="fig"}). The histopathological study also revealed the presence of cells with characteristics of necrosis (edematous cells, pale and ghost cells) in these three regions of hippocampus of CZn15 d group (Figures [7(d)](#fig7){ref-type="fig"}--[7(f)](#fig7){ref-type="fig"}). Necrosis (clear arrowhead) was most severe in rats with CCAO at 8 h (Figures [7(g)](#fig7){ref-type="fig"}--[7(i)](#fig7){ref-type="fig"}) and 7 days (Figures [7(j)](#fig7){ref-type="fig"}--[7(l)](#fig7){ref-type="fig"}) after reperfusion.

4. Discussion {#sec4}
=============

Our results show that the prophylactic chronic administration of zinc in rats with CCAO does not prevent the nitrosative stress and neuroinflammation in the early and late phase of cerebral hypoxia-ischemia. The zinc accumulation in the late phase of cerebral hypoxia-ischemia suggests dysregulation of zinc homeostasis because of nitrosative stress.

The development of neuroinflammation is supported by upregulation of CCL11, CCL20, and CXCL5 and receptors such as CCR6 and CXCR2 in rats treated with zinc in the presence or absence of CCAO. These chemokines and receptors are involved in the disruption of the blood brain barrier (BBB), thus promoting leucocyte infiltration. CCL11, which is released by astrocytes, promotes infiltration of marrow-derived cells (eosinophil, monocytes, microglia, and dendritic cells) selectively acting through the CC-motif receptor 3 (Ccr3), to promote cytotoxicity \[[@B43]--[@B47]\]. CCL20 that activates CCR6 mediates the direct interaction of T cells with BBB and their attraction towards diencephalon and brainstem \[[@B48]\]. This chemokine is known to play an important role in neuroinflammation induced by the focal cerebral ischemia \[[@B49]\]. CXCL5, produced by microglia/monocytes, is one of the ELR-expressing CXC chemokines and is a potent neutrophil attractant and activator. Increased levels of CXCL5 have been found in the CSF of patients at 24 h after stroke \[[@B50]\]. In addition, this chemokine is a potential biomarker for white matter injury in preterm infants \[[@B51]\]. However, CXCL5 has also been associated with a preconditioning effect through activation of CXCR2, which leads to an increase in CXCL12 expression. The molecular mechanism underpinning this preconditioning effect is that CXCR2 activation increases the expression of miR-223, which inhibits NF*κ*B and subsequently miR-27b levels. The downregulation of miR-27b eliminates the inhibition of CXCL12 expression \[[@B52]\], thus promoting neuroprotection \[[@B53]--[@B55]\].

The upregulation of CCR2, CCR4, and CXCR3 at 8 h after reperfusion in the rats with CCAO and those chronically pretreated with zinc gives further support to the development of neuroinflammation. CCL2 and CCR2 have been associated with disruption of BBB and neuroinflammation \[[@B56], [@B57]\]. However, previous studies have also demonstrated that the subacute administration of zinc before CCAO increases CCL2/CCR2 and promotes neuroprotection \[[@B23]\], which is associated with the ischemic preconditioning and postconditioning effect \[[@B58], [@B59]\]. In contrast, we found that the prophylactic chronic administration of zinc did not significantly increase the protein levels of CCL2 and CCR2 at two time points used in our study. Therefore, these results cannot support the development of neuroprotection through CCL2. Our suggestion that CCR4 and CXCR3 might participate in neuroinflammation is based on previous reports associating CCR4 with recruitment of white blood cells and production of cytokines after myocardial infarction \[[@B60]\] and correlated CXCR3 with leukocyte accumulation in focal stroke and gliosis \[[@B61]\].

Compared to the untreated control rats, an increase in the protein levels of CCL5, CXCL12, and CXCR5 was observed in control rats with chronic administration of zinc. Since these rats showed absence of damage markers (nitrosylation and lipoperoxidation), we can suggest that the chronic administration of zinc caused an ischemic preconditioning effect. The increase in the chemokines might be through RFLAT-1, a zinc-finger transcription factor, as it occurs in lymphocytes \[[@B62]\]. Increased levels of CCL5, CCL2, CCL3, and CXCL12 found in the early phase of endothelin-1 induced stroke model were not the cause of neurodegeneration \[[@B63]\]. CCL5 is produced from neurons after ischemic stroke to induce the production of neurotrophic factors in peri-infarct areas \[[@B64]\]. CXCL12 is reported to play a critical role in neuroprotection after stroke, by recruitment of endothelial progenitor cells and neuronal progenitor cells in the subventricular zone (SVZ) \[[@B54], [@B65], [@B66]\] as well as by promoting proliferation, differentiation, and migration of those progenitor cells \[[@B55], [@B67]\]. CXCL12 upregulation is associated with preconditioning process and decreasing neuroinflammation after stroke in ischemic-tolerant mice \[[@B68]\]. Another effect of CXCL12 is to modulate synaptic transmission to immature neurons during postischemic cerebral repair \[[@B54]\]. These neuroprotection effects are further supported by the prevention of hypoxic-ischemic brain damage after CXCL12 treatment in mice \[[@B69], [@B70]\]. However, other studies have associated CCL5 and CXCL12 with risk of stroke in human and mouse atherogenesis \[[@B71], [@B72]\], promoting cell migration into the brain and induction of cytokines. CXCL12 may influence vascular, astroglial, and neuronal functions via CXCR7 and mediate lymphocyte recruitment in the ischemic areas via CXCR4 after stroke, thus supporting its role in neuroinflammation \[[@B73]\], although it has also been reported that CXCR4 and CXCR7 participate in neurogenesis promoting migration of neural progenitors and bone marrow mesenchymal stem cells \[[@B67], [@B74]\].

Increased levels of FGF2 and VEGFA in rats treated with chronic administration of zinc in the absence of CCAO also suggest a neuroprotective effect. Zinc could induce the release of FGF2 through the activation of the myeloid zinc-finger 1 (MZF-1), a transcription factor present in astrocytes \[[@B24]\]. FGF2 is involved in the suppression of endoplasmic reticulum stress in ischemic oxidative damage models through the activation of PI3K/Akt and ERK1/2 pathways \[[@B75]\]. In addition, upregulation of FGF2 in the brain after enriched environment enhanced angiogenesis and improved motor function in chronic hypoxic-ischemic brain injury animal model \[[@B76]\]. VEGF is also known to be involved in neuroprotection after ischemia stroke promoting angiogenesis and neurogenesis \[[@B77]\]. In addition, VEGF ameliorates cognitive impairment and synaptic plasticity via improving neuronal viability and function through acting on VEGFR2 \[[@B78]\]. This effect might explain the conservation of spatial memory in the control chronically pretreated with zinc that we found in this study.

However, despite the increase in FGF2 and VEGFA levels, there was no neuroprotective effect at 7 days afer reperfusion, as shown by the loss of spatial memory and an increase in lipoperoxidation and neuronal cell death. At least the increases of VEGFA agree with the association of the risk of incident stroke/transient ischemic attack \[[@B79]\] as well as the occurrence and development of cognitive impairment in stroke \[[@B80]\].

CCR8, CXCL13, and CXCR2 levels were also increased by the chronic zinc pretreatment at 8 h after reperfusion at 7 days after CCAO, without upregulation of their mRNAs. This difference might be explained by either possible posttranscription regulation through miRNAs or the infiltration of leucocytes carrying those chemokine receptors. In addition, increased nitrosylation and lipoperoxidation were observed from 8 h after reperfusion and an excessive zinc accumulation was associated with cellular death, which occurred at 7 days after reperfusion. Association of the increased levels of those cytokines with cerebral damage markers might suggest their participation in neuroinflammation. Of these three chemokines, only CCR8 might participate in neuroinflammation because it has been suggested to play a significant role in the pathogenesis of chronic relapsing experimental autoimmune encephalomyelitis \[[@B81]\] and pilocarpine-induced status epilepticus \[[@B82]\]. CXCR2 does not participate in the ischemia-induced brain injury because CXCR2 antagonists did not improve outcome despite an increase in CXCR2 protein and mRNA levels in microglia cells \[[@B83], [@B84]\]. On the contrary, CXCL13, a B cell-specific chemokine, might participate in prevention of neurovascular protection from stroke \[[@B85]\].

Chronic administration of zinc showed an opposite effect on NF*κ*B protein levels in the presence and absence of CCAO. The prophylactic zinc treatment increased NF*κ*B protein levels in the absence of CCAO, while decreased NF*κ*B protein levels were observed after CCAO. In the absence of CCAO, NF*κ*B might be involved in the induction of inflammatory chemokines such as CCL2, CCL5, CXCL12, and CXCR2 \[[@B84], [@B86]--[@B88]\], which participate in the preconditioning effect of zinc. Accordingly, there was no increase in damage markers in the control rats subjected to the chronic administration of zinc. A proposal molecular mechanism of NF*κ*B in the preconditioning effect of zinc is the induction of SODI, which decreases the oxidative stress \[[@B89]\] and exerts an anti-inflammatory effect by reducing CCL2 and CCL3 \[[@B90]\]. The decreased NF*κ*B protein levels after CCAO in rats with prophylactic chronic administration might be caused by the excessive accumulation of zinc, which is known to inhibit the activity of NF*κ*B \[[@B91]\].

The neuronal injury in the late phase of CCAO might be caused by an excessive accumulation of zinc in presynaptic vesicles and synaptic space of the hippocampus in rats with prophylactic chronic treatment of zinc as previously shown \[[@B35]\]. This vesicular zinc may be released by nitrosative stress observed at 8 h after reperfusion and as part of the positive feedback cycle between ROS/RNS generation and increased zinc release \[[@B92]\], causing excitotoxicity \[[@B93]\]. This phenomenon can also result in the loss of long-term memory in rats with CCAO and those chronically pretreated with zinc, in contrast with the improvement in the long-term memory caused by the subacute administration of zinc in rats with CCAO \[[@B23]\].

5. Conclusion {#sec5}
=============

In summary, our data show that the chronic administration of zinc at tolerable doses causes nitrosative stress-mediated zinc accumulation that leads to cytotoxicity, neuroinflammation, neuronal death, and cerebral dysfunction after CCAO. Although the chronic administration of zinc at tolerable doses exerts a preconditioning effect in treated control rats, such effect was unable to prevent the cerebral damage after CCAO. It would be interesting to explore the ability of lower doses of zinc alone or in combination with antioxidants to maintain the neuroprotection effect against cerebral ischemia.
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![Experimental design of the chronic administration of zinc, performances of the learning test, and determinations of biochemical and molecular variables in Wistar rats.](JIR2016-4039837.001){#fig1}

![Overview of scatter and volcano plot of expression of 84 genes in temporoparietal cortex-hippocampus using RT^2^ Profiler PCR array. ((a) and (b)) Rats with chronic administration of zinc (CZn15 d). ((c) and (d)) Rats with chronic administration of zinc before CCAO and evaluations at 8 h after reperfusion (Zn15 d+CCAO 8 h). ((e) and (f)) Rats with chronic administration of zinc before CCAO and evaluations at 7 days after reperfusion (Zn15 d+CCAO 7 d). The experimental values were compared with those of untreated rats. The black line indicates fold changes \[2^(−ΔCt)^\] for scatter plot ((a), (c), and (e)) and log~2~⁡ (fold difference against *P* value) in the volcano plot ((b), (d), and (f)). The pink lines indicate the desired fold change in gene expression threshold. Each value represents the mean of 3 independent experiments. Arrow shows values with high significance.](JIR2016-4039837.002){#fig2}

![Effect of prophylactic chronic administration of zinc and CCAO on chemokine expression profile in the temporoparietal cortex-hippocampus using RT^2^ Profiler PCR array. CZn15 d, rats with chronic administration of zinc; Zn15 d+CCAO 8 h, rats with chronic administration of zinc before CCAO and evaluations at 8 h after reperfusion; Zn15 d+CCAO 7 d, rats with chronic administration of zinc before CCAO and evaluations at 7 days after reperfusion. Values show fold up- or downregulation as normalized with untreated control values. Each value represents the mean ± SEM of 3 independent experiments performed in triplicate. ^*∗*^Significantly different from untreated rats (Student\'s *t*-test). The significance was established at *P* \< 0.05.](JIR2016-4039837.003){#fig3}

![Effect of prophylactic chronic administration of zinc and CCAO on protein levels of chemokines and their receptors in the temporoparietal cortex-hippocampus using ELISA. CZn15 d, rats with chronic administration of zinc; Zn15 d+CCAO 8 h, rats with chronic administration of zinc before CCAO and evaluations at 8 h after reperfusion; Zn15 d+CCAO 7 d, rats with chronic administration of zinc before CCAO and evaluations at 7 days after reperfusion. Experimental values were normalized with respect to those of untreated controls. Each value represents the mean ± SEM of 5 independent experiments made in triplicate. ^*∗*^Significantly different from untreated rats (Student\'s *t*-test). The significance was established at *P* \< 0.05.](JIR2016-4039837.004){#fig4}

![Effect of the chronic prophylactic administration of zinc on levels of zinc and stress nitrosative markers. CZn15 d, rats with chronic administration of zinc; Zn15 d+CCAO 8 h, rats with chronic administration of zinc before CCAO and evaluations at 8 h after reperfusion; Zn15 d+CCAO 7 d, rats with chronic administration of zinc before CCAO and evaluations at 7 days after reperfusion. Values are represented as the percentage with respect to untreated control. Each value represents the mean ± SEM of 5 independent experiments made in triplicate. ^*∗*^Significantly different from untreated rats (Student\'s *t*-test). The significance was established at *P* \< 0.05.](JIR2016-4039837.005){#fig5}

![Effect of chronic administration of zinc on learning and long-term memory after hypoxia-ischemia in rats. (a) Graph showing the time course of the latency to reach the escape platform expressed as the mean value of four events of a daily evaluation per rat in the Morris water maze (*n* = 10 rats per group). Graphs showing the long-term memory latency (b) and the number of platform position crossings determined on day 7 after the training, that is, on day 12 after reperfusion (c) (*n* = 5 rats per group). The values are the mean ± SEM. ^*∗*^Significant when compared with the control group; unpaired Student\'s *t*-test; *P* \< 0.05.](JIR2016-4039837.006){#fig6}

![Histopathological evaluation of hippocampus in rats treated with zinc. Paraffin-embedded tissue sections of 3 *μ*m were stained with hematoxylin and eosin. Control, untreated rat; CZn15 d, rats with chronic administration of zinc; Zn15 d+CCAO 8 h, rats with chronic administration of zinc before CCAO and evaluations at 8 h after reperfusion; Zn15 d+CCAO 7 d, rats with chronic administration of zinc before CCAO and evaluations at 7 days after reperfusion. Dentate gyrus ((a), (d), (g), and (j)), CA1 ((b), (e), (h), and (k)), and CA3 ((c), (f), (i), and (l)) regions of the hippocampus. Apoptotic cells (dark arrow); necrosis (clear arrowhead). (((m), DG), ((n), CA1), and ((o), CA3)) Values of cell counts and color intensity (\# pixels/*μ*m^2^) using ImageJ, Java-based image processing program. ^*∗*^Significant when compared with the control group; unpaired Student\'s *t*-test; *P* \< 0.05.](JIR2016-4039837.007){#fig7}
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